In this research, a key optical component for multi-degree-of-freedom (MDOF) surface encoder was designed, fabricated and evaluated. In a MDOF grating interferometry system, there are four diffraction beams from the scale grating and reference grating. For further modulation, these beams will propagate more than 100 mm, which makes paralleling these beams necessary. In previous researches, separate prisms and a home fabricated diffraction device by combining four separate one-axis line gratings in a glass substrate have been demonstrated. However, large power loss and assembly complicity makes this technique less competitive. For solving this problem, this research proposed a new lens module, which is an improved type prism, quadrangular frustum pyramid. The prism is designed in such a way that these four reflected beams from the grating are symmetrically incident into the prism through the upper surface, total reflected on the inner sides of the prism, and then paralleling propagate through the bottom surface. A prism that allows an incident beam diameter of 1 mm and four paralleling beams with a 10 mm distance between the two diffraction beams along one direction was designed, fabricated and tested. Testing results based on an entire grating interferometry system verified that the proposal in this research is greatly effective in beam paralleling in terms of less power loss and high paralleling and greatly reduce the assembly complicity, which will eventually be beneficial for grating interferometry application.
INTRODUCTION
With the development of industrial automation and intelligence, the popularization and demand of multi-axis NC equipment in industrial production are increasing. Therefore, the multi-degree of freedom measurement technology is a key basic technology. For example, in a multi-axis CNC machine tool, the current common measurement scheme is to equip each motion axis with a separate single-axis measuring device--linear grating ruler or linear photoelectric encoder [1] [2] [3] . The installation of these measuring devices is usually stacked along the motion axis. This brings about the abbe error problem in the assembly process, which will have adverse effect on the measurement accuracy [4] [5] . In order to eliminate the abbe error in multi-axis measurement and improve the integration of multi-axis measurement system, the measurement devices with multi-axis measurement capability have been paid more attention. Among them, the two-dimensional grating ruler is a technical scheme with great development potential. Two-dimensional grating ruler is a technical development of linear grating rule r [6] . Compared with the traditional single shaft measuring devices, the two-dimensional grating ruler grating plane three-axis measurement ability, namely the plane of the two inspirational axis and a normal axis of rotation, this makes the two-dimensional grating ruler has a higher level of integration, the much smaller shaft measuring system, layout is more flexible in application. The abbe error may be avoided in multi-axis installation, and the reliability and precision of multi-axis measurement system can be improved effectively [7] [8] . The existing two-dimensional grating scale scheme is mainly an interferometric grating scale based on twodimensional diffraction grating, that is, the interference is generated by using the 4 beams of two-dimensional grating ±1 order diffracted beam, the measured displacement is calculated by detecting the interference signal [7] .Compared with the one-dimensional interferometric grating scale, the two-dimensional grating scale is equivalent to integrating two sets of one-dimensional grating ruler whose working direction is orthogonal to each other. This makes the two-dimensional grating ruler light path complexity increases greatly, complexity is mainly manifested in the need of reference grating 4 four beam laser diffraction light and measuring grating diffraction light deflection, respectively, the diffraction of light direction parallel or perpendicular to the incident light in the system, in order to produce ideal interference signal [7] . This means that the above eight diffracted beams need to be finely deflected. In Akihide Kimura and others work [9] , the diffraction light deflection using multiple discrete prism or integration solutions like transmission grating, these solutions on manufacturing principle prototype can be a good lab to meet the demand of the light path design, due to the complex structure, the debugging difficulty, signal strength loss and other reasons, these solutions are difficult to meet the condition of mass production.
Therefore, in this paper, starting from the demand of mass production and engineering prototype, design a kind of based on the integration of interference of prism grating ruler, through the integration of prism to solve the above problems of two-dimensional grating ruler. Finally, the feasibility of the scheme is verified by experiments. Fig. 1 is the schematic diagram of the principle of two-dimensional grating ruler [5] .When a laser beam is irradiated vertically on a two-dimensional grating, the ±1 order diffracted beam diffraction light will be generated along the two grating lines of the two-dimensional grating. The total diffraction light is four beams, denoted as
DESIGN OF THE INTEGRATED OPTICAL PRISM
The Angle between the diffraction light and the normal line of the grating plane is equal to the diffraction Angle of the grating. As shown in Fig.1(a) , the beam emitted by the laser source is vertically irradiated on the fixed reference grating and the measuring grating moving with the measured object after the beam is divided by the spectroscopic prism. The interference of the diffraction light of ±1 order diffracted beam of the two gratings occurred after the combination of the spectroscope. The interference fringes are formed and can be detected by photoelectric detectors for its light intensity, and finally 4 interference signals are obtained. After that, the measured displacement can be solved according to the detected interference signal through the corresponding data processing algorithm [5] . In order to facilitate the graphic expression, the schematic diagram of the two-dimensional grating ruler shown in Fig. 1(a) is represented by the plane diagram Fig.1(b) . The device shown in the displacement of each dimension makes two interference signals, based on the two interference signals of displacement in the direction of the discriminant, but because of the monotonicity of trigonometric function, unable to realize high precision electronic division [9] . This greatly limits the measurement precision of the basic two -dimensional grating ruler. In order to improve the measurement precision of the two-dimensional grating scale, the electronic subdivision multiplier in the measurement signal processing needs to be improved. This requires further phase delay processing of diffracted light, expanding the 2-channel interference signal to 8-channel interference signal, and its planar principle optical path is shown in figure 2-2.With certain algorithm processing for these 8-way interference signals, the displacement can be calculated accurately while determining the displacement direction [7] . Note that in the optical path shown in Fig.2 , there is a triangular prism between the grating and the spectroscopic prism, which is used to deflect the diffraction light in the direction parallel to the incident light. If the diffraction optical deflection prism is eliminated and the basic grating ullative path structure shown in Fig. 2(a) is applied directly, the distance between the final detector will increase with the increase of the optical path. This is not conducive to controlling the overall volume of the grating ruler system. Therefore, the grating diffraction optical deflection to the grating normal line should be parallel so that the overall optical path of the grating ruler tends to be compact. This is of great importance to the practical application of grating ruler. [5] There are several kinds of schemes for deflected grating diffraction light. Triangular prism refraction method is used for the optical path shown in Fig. 2(a) . Similarly, a triangular prism can be replaced with a mirror. Both methods need the diffraction light deflection mirror precision calibration, to make reference and measurement of grating diffraction intensity of grating diffraction intensity were able to correct the Angle and position of the intersection and interference occurs. It was found in the trial production of the actual test prototype [10] , the diffraction light deflection of the prism assembly and debugging process is extremely complicated and difficult, and because mechanical assembly assembly stress, the influence of such factors as poor precision stability of the optical path.
In order to avoid the problem that separate diffraction light deflection prisms need to be adjusted separately, a structure using transmission grating for diffraction light deflection is proposed, as shown in Fig. 2(b) [9] . In this structure, the transmission grating is actually four one-dimensional transmission grating combined. This scheme greatly reduces the difficulty of assembling and debugging optical circuits by integrating the transmission grating, which is used as diffraction optical deflection device. But limited to transmission grating diffraction efficiency, the plan will greatly reduce the intensity of the diffraction of light, it is not conducive to improve the signal-to-noise ratio in subsequent signal processing, which lead to reduce the measuring accuracy of grating ruler system. In order to overcome the above problems, an integrated grating diffraction optical deflection prism design is proposed. The design draws on the advantages of prism deflection not reducing the beam intensity and transmission grating high integration. It provides a high precision, high brightness and easy to assemble and debug solution for reference grating and measuring grating diffraction optical deflection. The effect of the integrated prism and the deflection of four plus or minus 1 diffraction beams is shown in Fig.3 . Key parameters in the design of the integration of prism Angle, performance parameters for the diffraction light horizontal/vertical emergent spacing, variable parameter to the top of the prism and grating spacing and the beam radius. 
TESTING OF THE GRATING SCALE USING INTEGRATED PRISM
Based on the above geometric optical design, a batch of integrated grating diffraction optical deflection prisms are customized, and the prism is shown in Fig. 5(a) . In order to test the effectiveness of the integrated prism, an interferometric grating measuring optical path is constructed, which is the same as the optical path principle shown in Fig. 5(b) . The schematic diagram of the test optical path is shown in Fig. 5(c) . The results can preliminarily prove that the interferometric grating ulnar optical path scheme based on the integrated grating diffraction optical deflection prism is feasible and effective. To further test the optical path, the measuring grating is driven by the micron motion platform (PI-M112.1 DG), as shown in Fig. 7(a) . Interference grating movement makes interference and change the brightness of the light, to detect the brightness of the interference fringes, eventually get four on data acquisition computer interference signals, as shown in Fig. 7(b) . The results show that the given scheme can form good interference signal, the signal is in good sinusoidal shape under constant speed drive and can be used for bit shifting calculation.
The motion velocity along the direction X and direction Y of the measured grating was 0.025mm/s, the motion stroke was 7mm, and the sampling rate was 1000Hz. A total of 4 repeated experiments were conducted. The calculation results of bit shifting of each test are shown in Table 1 . As can be seen from the data in the table, the repeatability of the bit transfer calculation is good, and the relative error is no more than 2.5%。 
CONCLUSIONS
This research proposed, fabricated and tested a new deflection prism, quadrangular frustum pyramid. The prism can effectively change the four first-order diffraction beams from a two-dimensional grating, with less complex optical configuration and assembly procedure. This achievement will be beneficial for grating interferometry application.
